In this work, the chemistry specific stability determining factors of DNA-polycation complexes are examined by all-atom molecular dynamics simulations. To this end, we conduct a systematic variation of polycation line charge through polyethyleneimine (PEI) protonation and polycation chemistry via comparison with poly-L-lysine (PLL).
Introduction
DNA is a charged polymer, a polyelectrolyte (PE), with a relatively high negative charge.
In aqueous solution, DNA readily complexes with cationic polyelectrolytes and this DNA-polycation complexation has been demonstrated to be an effective means of transfecting genetic material in gene therapy. 1, 2 As opposted to viral vectors, polyelectrolyte complexes, polyplexes, offer a infection free gene delivery. On the other hand, gene transfection is a multi-stage process where the design of an optimal carrier is a trade-off of several properties, such as, complex charge, complex stability, and complex size [3] [4] [5] as the delivery vector has to provide both adequate protection, and efficient and timely release of the gene. 6 In general, PE complexes are known to respond to presence of electrolytes (e.g. salt).
Excess salt can affect the solubility, 7 kinetics, 8 composition, 9, 10 or even lead to complete dissociation 11 of the complex. Against this background, it is not surprising that additional salt also affects the gene delivery by PE complexes: Zelikin et al. have correlated the transfection efficiency of a DNA-PE complex with the tolerance of the complex to the addition of salt. 12 Furthermore, Ca 2+ ions are known to promote transfection, possibly by regulating the size or aggregation of the complexes, or by aiding in the release of the genetic material from the complex. [13] [14] [15] Indeed, we recently demonstrated the sensitivity of poly-L-lysine-DNA complexes to Ca 2+ ions and provided an atomistically detailed description of the dissociation mechanism via molecular simulations. 16 Therefore, the response of polycation-DNA complexes to small ions is a significant topic with direct implications to the design of efficient gene carriers. Here, we address this by studying the complexation of two polycations, polyl-lysine (PLL) and polyethyleneimine (PEI), with DNA, and the reaction of these complexes to excess ions via molecular dynamics (MD) simulations.
Both PEI and PLL have been widely studied as DNA delivery vectors with interest in efficiency of target reaching, release dynamics and mechanics. Out of the two, PEI is often considered more promising due to its ability to change its protonation state under physiological pH range. A host of both experimental 4, [17] [18] [19] [20] and computational work [21] [22] [23] [24] [25] [26] [27] on these complexes exists. That said, response of the DNA-polycation complexes to increasing concentrations of monovalent and divalent ions has not been compared earlier via simulations.
A comparison of these chemically quite different polycations allows us to systematically 3 address the influence of, e.g., protonation level and polycation chemistry on polycation-DNA complex behaviour in salt.
The salt response of PEI-DNA complexes with different PEI protonation states is particularly interesting from the point of view of the so called proton sponge hypothesis. 28, 29 For successful transfection, the PEI-DNA polyplexes have to be transported from endosomes to the nucleus. The proton sponge hypothesis postulates that the efficient buffering capacity of PEI in the low pH of endosomes is behind the efficiency of PEI as a transfection vector: PEI is able to absorb protons, which leads to more protons being pumped into the endosome and increases the influx of Cl − ions as charge neutrality has to be maintained. Increased ionic strength then produces osmotic swelling, and the combination of the osmotic swelling and swelling of the PEI-DNA complex due to repulsion between protonated amine groups causes endosome rupture with subsequent release of its contents. The proton sponge hypothesis is wildly used, but data both supporting [30] [31] [32] and seemingly in disagreement 4, 33, 34 with this theory exist. Molecular simulations allow us to evaluate the changes in the complexation in detail. Previously the effect of PEI protonation state on DNA binding 21, 22 and behaviour in solution 26 have been studied via simulations, but the results therein have not been explicitly related to the mechanism of proton sponge behaviour, nor is the effect of additional Cl − ions addressed.
In this work, we examine 1) the dependence of amount of PEI complexed to DNA on PEI protonation state and 2) the salt response of the complexes in terms of polymer charge and polycation chemistry (PEI vs. PLL), as well as, in terms of complex structure and amount of polymer adsorbed. Finally, we 3) study the inner workings of the proton sponge hypothesis by connecting the contributions from PEI protonation, complex structure, and the presence of excess Cl − ions.
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Methods and simulated systems
The complexation and decomplexation of DNA with three different polycations, PLL, PEI50 and PEI25, is studied in this work. PLL, as a strongly charged polycation, can be expected to be completely protonated under biological conditions; the PLL used in the simulations is a fully protonated linear polypeptide. In contrast, the protonation degree of PEI as function of pH is unknown and estimates range between 10% and 90% at pH 7, see Refs. 35, 36 Furthermore, the structure of the polymer, 37 polyanion binding, and the ionic strength of the solution also affect the pKa of the PEI protonation sites. 24 Therefore, we choose to employ linear polyethyleneimine molecules with every second (50%) or every fourth (25%) backbone nitrogen (N) protonated. These are referred PEI50 and PEI25, respectively. The choice of setting the protonated groups at regular intervals and thus maximizing their separation in the simulated PEI molecules is a reasonable approximation, as it minimises the interaction between the protonated groups and produces a uniform charge distribution. Monte Carlo simulations of PEI protonation confirm this configuration, 24 and similar choices for PEI protonation degree and configuration have previously been used for MD simulations of PEI. 21 The molecular structures of the polycations are shown in Fig. 1 First, the DNA strand was placed in a simulation box of 10×10×10 nm 3 together with two polycation molecules (two PLLs, PEI50s or PEI25s) and solvated with water. In the absence of salt, polycations spontaneously complex with DNA. These complexes were then simulated over a period sufficient to structurally stabilize them (tens of nanoseconds) after which they were exposed to different NaCl and CaCl 2 concentrations. The simulations were 5 The Joung and Cheatham ion model 42 was used for the monovalent Na + and Cl − ions.
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As equivalent Ca 2+ parametrization is not available, the standard Amber Ca 2+ ions were utilized. 43 The Joung-Cheatham model for the monovalent ions was employed to prevent the unrealistic crystallization observed with standard Amber99 ions in high salt concentrations. 44, 45 Accordingly, we do not observe salt crystallization in our simulations. That said, the Joung-Cheatham ions have been reported to bind strongly to phosphate which could lead to an over-neutralization of the DNA in this work with respect to other ion models. 46 Indeed, different ion parametrizations have been observed to differ in their binding to DNA, 46, 47 and reliable modelling of interactions with divalent ions is particularly challenging as most classical force fields are not able to properly capture the polarizability and charge transfer effects that are involved. 48, 49 Electrostatics were treated with the full PME method 50 and the temperature was controlled by the stochastic rescaling thermostat of Bussi et al. 51 with reference temperature at 300 K and time constant of 0.1 ps. Pressure was maintained at 1 bar using Parinello-Rahman barostat 52 with time constant of 2 ps. All presented simulation snapshots were generated using VMD. 53
Results and discussion
Structure of the complexes in the absence of added salt
In the absence of added salt, DNA rapidly forms a complex with two PLLs, PEI25s or PEI50s initially introduced into the solution. For PLL, a significant overcompensation of the DNA charge (-22e) occurs already by the adsorption of the two PLL chains (charge 40e). However, the adsorption of two PEI50s (charge 20e) or two PEI25s (charge 10e) molecules is insufficient to compensate for the DNA charge. Therefore, we determined the maximum amount of PEI molecules adsorbing spontaneously to the PEI-DNA complexes by addition of PEI molecules one-by-one into the solution. In these simulations, we observe the DNA strand can complex with 4 PEI50 molecules (N/P=3.6) and 5 PEI25s (N/P=4.5).
7 N/P ratios (the ratios of amine groups of cationic polymers to those of the DNA phosphate groups) have been connected with transfection efficiency 54, 55 and are therefore reported here. complex where the percentage of bound nitrogens is reduced from 69% to 49% upon saturation. This is likely an effect of crowding in the preferred binding sites. Nevertheless, the 9 overall DNA-binding pattern remains similar: the charged nitrogens attach dominantly to the DNA phosphate oxygens. Particularly, PEI50 seems to orient almost perfectly on the phosphate backbone of the DNA. Fig. 2 indeed reveals both the prononated and non-protonated backbone nitrogens in PEI50 prefer strongly binding to the DNA-backbone, especially to the phosphate oxygens (OP).
The less charged PEI25 shows a different binding pattern: both the prononated and nonprotonated nitrogens of PEI25 bind also to the more deeply buried basic O and N sites of the DNA. While the protonated N + s of PEI25 prefer connections with the DNA backbone analogous to PEI50, PEI25 loops and twists more easily at non-protonated sections. This provides flexibility. The loops and twists can make parts of the PEI25 molecules stick out of the polymer complex or enable it to reside also in the minor groove, see Fig. 3 . The difference in conformations of PEI50 and PEI25 reflects also on the size of the complex. As Fig. 4 shows, on average PEI25 resides slightly further from the DNA surface than PEI50.
For both PEI50 and PEI25, the saturated complexes have larger average nitrogen-DNA distance (∼0.5 nm) than the 2xPEI complexes with 4xPEI50 being slightly more compact than 5xPEI25. The increase in size compared to 2xPEI complexes reflects both the larger amount of polymer in the complex and the looser binding of additional PEI compared to the first two PEI chains.
PLL has a higher charge per length than either of the PEIs studied in this work. However, the specific chemistry of PLL weakens the binding to DNA: only 30% of the N + s of the 2xPLL system bind directly to DNA in the simulations. Analogous to PEI, the charged N + tips of PLL prefer contacts with the DNA backbone sites, but the brush-like structure of the PLL does not allow PLL to utilize all its charged nitrogens in binding: some of the N + -tips point away from the DNA. As with PEI25, PLL also has contacts to the basic ON sites in the 
Complexes and excess salt
Next, we exposed the complexes to excess NaCl or CaCl 2 . We focus on the salt tolerance of the complexes containing two polycation molecules as the characteristics of these complexes are similar to the saturated ones and the two initially adsorbed polycation chains are likely to represent the last stage of complete complex dissociation. The behaviour of the saturated complexes in excess salt is discussed with respect to the proton sponge hypothesis below.
In agreement with our earlier work, 16 
Charge distribution without and with excess salt
To further elucidate the role of polycation charge content and charge distribution on the salt tolerance of the polycation-DNA complexes, the intake of ions into the complexes and the Fig. 5 reveal quite expectedly, that PEI50 is more efficient than PEI25 in neutralizing DNA charge. Furthermore, PEI50 is also more effective close to DNA than PLL even though PLL has a higher charge per length. Complexation with PLL results in a more spread out overcharging peak. This is a consequence of both the larger charge content and the brush-like structure of the PLL.
As both the two PEI25 and PEI50 molecules contain less charge than the DNA strand they complex with, the 2xPEI-DNA complexes in our simulations remain undercharged.
Therefore, even in the absence of excess salt, cations play a role in neutralizing the DNA charge in solution. As expected, more Na + ions reside near the DNA in the 2xPEI25-DNA complex than in the 2xPEI50-DNA complex. In contrast, the 2xPEI50-DNA attracts more Cl − ions than the 2xPEI25-DNA. With PLL, the less effective DNA charge compensation by the PLL than by PEI50 is also reflected in the amount of Na + ions within the complex. ratio of PEI. Therefore, we analyze our results more on qualitative than quantitative level.
In our simulations, PEI50 binds dominantly to DNA OP sites following the DNA phosphate backbone rather strictly while PEI25 adopts much more convoluted, loopy conformations with the non-charged polymer sections going for the grooves. The differences in PEI25
and PEI50 binding to DNA reported here agree with previous simulational studies, 21, 22 and experiments 59 where deprotonated PEI is was more prone to bind to DNA grooves, and it was suggested that this bind-ing is driven by the release of water. In contrast, protonated PEI preferred DNA backbone. Our data indicates a similar effect in microscopical level with charged PEI sites preferring contacts with the DNA phosphate oxygens and longer stretches of the neutral polymer residing in the grooves. The PLL also prefers attaching to OP sites, as observed already in the previous simulations, 22,23 but due to its brush-like structure, PLL is not able to utilize all the charged N + tips in binding. The structure also leads to to bulkier complexes compared to PEI, which has been indicated experimentally 11, 19 as well.
We found that exposing the complexes to monovalent salt caused fluctuations at 1. Some concern has been raised 46,47 that the ion model used here may overestimate the interactions with the DNA phosphate sites, which are in key role in polycation binding to DNA. Consequently, we note that even though our choice of ion model is well founded, and the decomplexation concentrations reported here are in line with experimental reports, the values reported in this work should be regarded qualitatively; this is accounted for in evaluating the results. Furthermore, we verified the ion response by running the simulations also with the original Amber ions 39, 43 with similar results (data not shown) providing confidence on the behavior.
Our data suggests that PLL, which has the highest charge per length, is more prone to detach from the complex than the less charged PEI50. In contrast, for the chemically equivalent PEI50 and PEI25, decreasing the protonation degree from 50% (PEI50) to 25% (PEI25) produces complexes that are less stable against addition of salt. Therefore, charge per length alone is an insufficient means to predict complexation strength, or salt solution stability of these complexes. Specific chemical detail of the molecules can help in explaining these findings. PLL binds to DNA inefficiently due to its molecular structure which does not allow all of its cationic groups to position themselves optimally. This results in complexes in which DNA charge remains more accessible to ions, and thus decomplexation can occur more easily than with, e.g., PEI50 whose worm-like molecular structure allows the polymer to cover the DNA OP sites almost perfectly. For PEI25, the lower protonation degree again leads to less charge-bound N + s to be replaced by ions, and more open DNA OP sites for the ions to condense to. This causes larger mean polycation distance to DNA, increased fluctuations of the complex, and consequently, to lower tolerance to added salt detected in our simulations.
Our observations that decreasing PEI protonation state leads to less stable complexes is in full agreement with both previous simulational work 21 and experimental work, where DNA was released from PEI-DNA complex by alkaline pH, 62 as well as, observations of looser binding of DNA-PEI complexes in neutral pH versus low pH. 59 Instead of charge per length, the overall charge density of the polycation seems to determine the effectivity of charge compensation. We modified this by altering two properties of the polymers. First, the charge per length of the polycation was controlled by decreasing the protonation ratio in PEI from 50% to 25%. Second, the structure of the polycation was altered: the brush like chemistry of PLL pushes the charged sites further apart from each other and the PLL backbone, whereas in PEI the N + s in PEI are part of the backbone.
This can be seen as increase in the polymer radius and consequently as a decrease in the charge density and charge compensation efficiency provided by the polymer. As a result,
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PLL charge around the DNA is more spread out, and more ions can penetrate into the complex and participate to the compensation of the DNA charge near the surface of DNA.
Indeed, our analysis shows that the most salt tolerant PEI50 has highest charge density In simulations, the more effective charge compensation by linear PEI compared to PLL 21 has been noted previously by Ziebarth and Wang. 22 Sun et al. 21 indicated that an increase in branching has a similar effect in PEI binding to DNA as a decrease in charge per length.
For linear vs. grafted PLLs, Elder et al. 27 detected a decrease in electrostatic binding energy between DNA and PLL as a function of increasing grafting length. All these priorly observed trends in polycation-DNA complex binding strength are linked to the charge compensation efficiency and to the salt tolerance of DNA-polycation complexes by our findings.
A wide debate in the polyelectrolyte community persists whether the complexation of two polyelectrolytes is driven by the ionic interactions between the two polyelectrolytes, by the entropic gain from the release of counterions upon complexation, or by water. 66 In addition to screening the ionic contacts between the polymers, salt affects complexation by At a more complex level, the extent of ion release entropy is also dependent on the ability of the polycation to exclude ions from the complex which is, according to our results, related to the effectivity of charge compensation provided by the polycation. Interestingly, many of the common expressions 63,67? for calculating the ion release entropy in complexation assume that complexation excludes almost all the ions from the complex, and the increase of salt concentration does not significantly alter the number of ions bound to the polymers. As the charge distributions presented in Figs. 5-7 show, these assumptions approximately hold for monovalent, but less so for divalent ions, and also the chemical structure of the polymer affects these quantities. Even the overcharged complexes, like the 2xPLL-DNA complex, can allow some cationic flux into the complex. If ion release entropy strongly dominates upon complexation, it is peculiar a high concentration of 1.04 M NaCl is not sufficient for inducing decomplexation. That said, we cannot conclude beyond discussion the entropic contributions due to ion release and binding.
Another commonly mentioned contributor to complex formation and stability is the flexibility of the polymer backbone. 27, 68, 69 In the complex, the polymer degrees of freedom are constrained compared to being free in a solution. In principle, a more flexible polymer gains more entropy when released from the complex. Out of the polycations studied here, PEI25
is by far the most flexible, and flexibility may provide an additional driving force favouring PEI25 decomplexation. That said, high ionic strength has been suggested to alleviate the effect of flexibility and other structural properties on the conformations adopted by the free polycation in solution. 58 Therefore additional salt potentially diminishes the role of flexibility in determining complex stability of chemically different polyelectrolytes.
In summary, the effectivity of charge compensation by the polycation seems to correlate with the sensitivity of the complex against the addition of salt. The efficient charge compensation leads to both efficient ionic binding between the polyelectrolyte and strong exclusion of cations from the complex in the systems studied here. The suppression of ion release entropy gained upon complexation may facilitate the salt induced decomplexation of PLL compared to PEI. That said, we observed the divalent ion being more efficient in inducing decomplexation, and at the same time our data shows that the behaviour of the divalent ion in the complexes, in the concentrations studied here, violates the assumptions behind the 23 theories underlining the importance of ion release entropy upon complexation.
We have argued above that increasing in the line charge of PEI makes the PEI-DNA bond stronger and the complex more stable in salt solution. On first glance, this seems to be incompatible with the proton sponge hypothesis where the protonation of PEI enhances the transfection of DNA. However, according to the proton sponge mechanism, protonation aides transfection via inducing influx of Cl − ions and consequent osmotic swelling of the endosome 28, 29 which will lead to DNA release. In the simulations, we did see Cl − ions aggregating strongly within the overcharged PLL-DNA complex. As both of the 2xPEI-DNA complexes remain undercharged, a meaningful discussion the proton sponge property of PEI-DNA complexes therefore involves the saturated 4xPEI50-DNA and 5xPEI25-DNA complexes and their reaction to additional ions.
Firstly, 20% less of the more protonated PEI50 in molecular weight adsorbs spontaneously on the DNA compared to PEI25 in our simulations. This is reasonable since the more protonated PEI is more effective in compensating the DNA charge and therefore, less PEI is needed. The increased protonation also leads to crowding in the preferred DNA OP binding sites. Interestingly, the difference in DNA complexation ability of PEI50 and PEI25 indicates that the protonation of PEI occurring in low pH might release PEI from the PEI-DNA complex and increase the amount of free PEI in the solution with DNA still tightly protected by bound PEI. More so, theoretical considerations suggest that free PEI molecules are essential for inducing sufficient osmotic pressure increase to cause endosome rupture. 70 Experimentally, free PEI has been reported to aid gene transfection 71 and Cl − accumulation 31 at endosomal level. In addition, there is evidence of free PEI facilitating the transfection also in other stages of the process, 71 such as by blocking the cell-surface glycosaminoglycans know to inhibit PEI-mediated transfection. 18 In our simulations, no significant loosening of the complex structure was observed for 4xPEI50-DNA when exposing the complex to additional monovalent salt. Quite expectedly, the more overcharged 4xPEI50-DNA complex attracts more Cl − ions than the 5xPEI25-DNA complex. That said, the Cl − s do not notably penetrate between the DNA and PEI molecules, even when the complex is exposed to additional salt. Only little Cl − penetration is observed despite the fact that the Cl − concentration used here, 0.27 M, is considerably higher than the experimentally estimated maximum ∼ 0.1 M. 31 In contrast, the full detachment of one of the less protonated PEI25 molecules from the 5xPEI25-DNA complex occurred in our simulations upon addition of salt. However, the detachment is propelled by the positive ion (Na + ) and not the negative ion (Cl − ) entering the complex. Accordingly, partial release of DNA from the PEI-DNA complexes at low pH has been observed 4 in vitro, but the release was suggested to result from the neutralization of DNA phosphate oxygens with H + ions instead of resulting from an influx of Cl − ions into the complex.
In summary, our results shed light on the detailed mechanism of proton sponge behaviour.
We suggest that protonation of the PEI strand can facilitate the endosome rupture via two routes. Firstly, the more protonated PEI produces more overcharged complexes which can attract more Cl − ions and cause an increase in the osmotic pressure. Secondly, increasing protonation can release PEI molecules. The free PEI can both aid in bursting the endosome and facilitate other stages of transfection. Therefore, it is reasonable that the proton sponge effect can cause endosomal rupture. However, in contrast to a common depiction of the proton sponge mechanism, 29, 30, 72 protonation and enchanced repulsion between protonated groups does not lead to swelling or loosening of the complex structure itself. Instead, our simulations show increased protonation leads to more stable and compact complexes. This would hinder the transcription of the genetic material residing inside the carrier complex.
A successful delivery of genetic material may therefore require an additional step after the endosomal rupture where the complex is destabilized again by, for example, deprotonation and presence of multivalent ions.
Conclusion
To our knowledge, we present here the first molecular simulations characterization of polycation-DNA complex stability against added salt which probes systematically the effect of polymer charge per length and specific chemical structure. We have established that higher total charge or higher charge per length of polycation does not directly translate into higher stability of DNA-polycation complex against increasing salt concentration. Instead, the effectivity of charge compensation by the polycation, related to the effective charge density of the polymer, seems to correlate with the sensitivity of the complex against the additional salt with efficient charge compensation leading in stable complexes. Via extensive comparison with preceding experimental data, simulations and theoretical work, our study provides an atomistically detailed view on the mechanism through which these polymer properties can affect complex stability in salt solutions.
Furthermore, we also provided a detailed description of the proton sponge behaviour of PEI-DNA complexes: protonated PEI complex does indeed attract more Cl − ions and protonation can facilitate transfection by release of PEI from the complex without decomplexation of the polyplex. Contradictory to a common description of the proton sponge mechanism, protonation does not lead to swelling of the complex structure. Instead, we find the complexes of more protonated PEI to be more compact.
The findings mean that tailoring the PE charge distribution could be a useful tool in designing ion resistant PE complexes. Joint together with the more detailed understanding of the proton sponge behavior presented here, these results bear a particular significance in developing more efficient polycation carriers for DNA delivery. Altogether, the results show that all-atom molecular dynamics simulations are a powerful tool both in elucidating existing experimental data and generating new fundamental understanding in such a intricate topic as polyelectrolyte complexation.
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